Introduction
Drosophila ovaries provide an excellent model system for investigating the signaling pathways and internal circuitry that regulate stem cell function. The Drosophila female has a pair of ovaries, each composed of 14-18 ovarioles. The ovariole is an egg assembly unit, with a germarium at the anterior, where the follicle stem cells (FSCs; formerly known as ovarian somatic stem cells or SSCs) and germline stem cells (GSCs) are located (Fig. 1A) . Differentiated cell types, known as terminal filament and cap cells at the anterior tip of the germarium are important niche components, with the cap cells in direct contact with each of the 2-3 GSCs . The cystoblast daughter of a GSC undergoes four mitotic divisions with incomplete cytokinesis to produce a cluster of 16 cystocytes. The germline cysts differentiate to form one oocyte and 15 nurse cells as they come into contact with somatic cell progeny of the FSCs in region 2b (Fig. 1A) . These somatic cells form a single-layered epithelium of follicle cells around each germline cyst to form an egg chamber, which grows and develops further as it passes posteriorly through the ovariole to become a mature egg.
FSCs reside at the border of regions 2a and 2b where they likely contact the basement membrane underlying the germarial sheath, transient escort cells and perhaps, passing germline cysts (Fig. 1A ) (Margolis and Spradling, 1995; Nystul and Spradling, 2007) . Escort cells derive from escort stem cells (ESCs) adjacent to the GSCs, and associate closely with germline cells before undergoing apoptosis at the 2a/2b border. Some FSC contacts are thought to be important because loss of the homotypic adhesion molecule, E-cadherin or heterodimeric integrins, β PS, α PS1 and α PS2 from FSCs leads to their rapid disappearance (Song and Xie, 2002; O'Reilly et al., 2008) . However, at least two of the extracellular factors that contribute to FSC function, Hedgehog and Wingless, are expressed most prominently in the Terminal Filament and Cap cells, which are quite far from the FSCs (Forbes et al., 1996a; Forbes et al., 1996b; Kirilly and Xie, 2007) .
FSCs actively self-renew, with little evidence of lengthy quiescence, simultaneously producing non-stem cell daughters, which generally divide an estimated 7-9 times before adopting position-specific cell fates within the follicle cell epithelium of maturing egg chambers (Margolis and Spradling, 1995) . A few FSC derivatives arrest much earlier to form polar cells and adjacent stalk cells, which separate egg chambers (Margolis and Spradling, 1995; Tworoger et al., 1999) .
The Hedgehog (Hh) pathway appears to be an especially important regulator of FSCs. While loss of Hh, Wnt or BMP pathway activity results in accelerated FSC loss , only excess activity of the Hh pathway drives cell-autonomous FSC duplication (Zhang and Kalderon, 2001 ).
Hh acts by binding to Patched (Ptc), a transmembrane protein that normally acts to restrict the activity of Smoothened (Smo), a seven-transmembrane domain protein (Hooper and Scott, 2005) . Binding of Hh to Ptc activates Smo, leading eventually to the activation of the transctription factor Cubitus interruptus (Ci).
Loss of ptc activity results in maximal activation of the intracellular Hh pathway even in the absence of Hh. Both ectopic, ubiquitous Hh expression and loss of ptc activity in FSC lineages lead to the accumulation of an excess of FSC derivatives (Forbes et al., 1996a; Forbes et al., 1996b; Zhang and Kalderon, 2001 ). In the latter case, this was shown to involve cell autonomous duplication of ptc mutant FSCs that increases the total number of FSCs in a germarium (Zhang and Kalderon, 2001) . By contrast, inactivation of smo, which blocks Hh signal transduction cell autonomously, accelerates loss of the FSC lineage (Zhang and Kalderon, 2001 ).
Here we used a genetic modifier screen designed to isolate factors that either collaborate with, or are regulated by, the Hh pathway to promote FSC maintenance. We found that the transcriptional co-activator Mastermind (Mam) is essential for expansion of ptc mutant FSCs and for maintenance of both normal and ptc mutant FSCs. Remarkably, the regulation of FSCs by Mam is not through its known role in the Notch signaling pathway. Mam is required for the elevated expression of the Hh pathway reporter ptc-lacZ that is seen in the FSC and its immediate progeny but has no clear effect on Hh signaling in wing discs. This suggests that Mam may be a tissue-specific co-activator for the Hh pathway in ovarian follicle stem cells.
Experimental Procedures

Fly Strains
Fly stocks are described on FlyBase: Flies with alleles on an FRT42D ) flies were crossed to the 2 nd and 3 rd chromosome deficiency stocks (from the Bloomington Stock Center). The resulting transheterozygous adult flies were heat shocked 2 times per day for three days (1 hour at 37ºC), dissected 3 or 6 days later and stained with FasIII and Hoechst DNA stain.
Clonal Analysis and Stem Cell Counts
Adult flies of the appropriate genotype were heat shocked twice (approximately 8 hours apart) for 1 hour at 37ºC. FRT101 flies were given an additional 1 hour heat shock at 37ºC four hours prior to dissection to induce hsp70-GFP expression.
For positive marking, flies were incubated at 29ºC for at least two days prior to dissection in order to increase the expression of UAS-GFP. This was also done for low level UAS-Mam WT expression (Fig. 2J) , following incubation at 18ºC
for 12 days immediately after clone induction.
At least 50 ovarioles were evaluated for stem cell counts and in most cases over 100 ovarioles were counted. In only 1 case were fewer than 50
ovarioles evaluated for stem cell clones due to insufficient flies (14 day adult
UAS-N intra
). Significance of differences calculated by χ 2 tests.
For wing disc clones, larvae were heat shocked during first instar for 1 hour at 37ºC and dissected two days later.
Immunohistochemistry
Ovaries and wing discs were dissected in PBS and fixed in 4%
Paraformaldehyde in PBS for 20 minutes at room temperature. The tissue was 
RESULTS
A Screen for Dominant Suppressors of Hh-induced Over-proliferation
Identifies Mastermind
To identify molecules that collaborate with Hh or respond to Hh in regulating follicle stem cell behavior we screened for dominant genetic modifiers of the ovarian follicle cell over-proliferation that is induced by ectopic Hh expression.
We tested 157 heterozygous second and third chromosome deficiencies (covering most of these autosomes) in flies carrying a transgene (hs-hh) with heat-shock inducible hh activity (Forbes et al., 1996a) . Young adult females were heat-shocked twice daily for three days followed by a three day "chase" to allow the progeny of excess FSCs induced by ectopic Hh expression to proliferate and exit the germarium. These progeny accumulate between egg chambers and, unlike normal differentiated stalk cells, they maintain high levels of Fasciclin III (FasIII) (Fig. 1B,C) . Only two deficiencies suppressed the "hs-hh" phenotype, judged by a strong reduction in the number of inappropriate cells between egg chambers.
Df(2R)BSC18
is a relatively small deficiency, deleting polytene segments between 50D1 and 50D2-7 and was the strongest suppressor ( Fig. 1D) (Bray, 2006; Schweisguth, 2004 FSC maintenance can be measured by examining the persistence of marked FSC lineages of defined genotype that are generated by heat-shock induced FRT-mediated mitotic recombination (Xu and Rubin, 1993) in young adults. We marked FSC lineages by loss of either tubulin-lacZ (tub-lacZ) or
UbiGFP, and examined ovaries 7 and 14 days after heat-shock. FSC daughters proliferate, differentiate and finally exit the ovariole within 5-6 days at 25ºC (Margolis and Spradling, 1995) . Hence, all marked clones examined 7 or more days after heat shock must derive from recombination events induced in FSCs ("FSC clones"). A normal, single, persistent FSC clone extends from the FSC through proliferating progeny to differentiated stalk and follicle cells, generally occupying about a third of the somatic cells throughout an ovariole ( Fig. 2A) . The days or thereafter reflects a selective loss of FSC clones that can be attributed to their mutant genotype. mam 8 mutant FSC clones were present at a much lower frequency than control clones at 7 days (30% versus 73%) and 14 days (8% versus 57%) after clone induction (Table 1) . These measurements include only marked clones that stretch all the way back to the FSC. However, for mam (and other mutations that impair FSC maintenance) we also saw an increased frequency of ovarioles in which a marked FSC is no longer present but several marked descendants are still evident, providing more direct visual confirmation of FSC loss (Fig. 2C ).
By contrast, the recovery of germline stem cell (GSC) clones, measured in an analogous fashion in the same ovarioles that were used to count FSC clones,
was not affected by mam inactivation (39% (mam) versus 44% (control) at 14 days for clones induced in adults). These data suggest that Mam is essential for normal maintenance of ovarian FSCs but not GSCs. 
Ovarioles that included
Positive FSC marking confirms loss of Mam-deficient FSCs
The observed disappearance of negatively-marked mam mutant FSC lineages over time most likely reflects irreversible loss of the FSC itself. However, since we might miss an isolated, quiescent, negatively-marked FSC, we also positively marked mam mutant FSC lineages to see the FSC more easily. We used the well-established MARCM (Mosaic Analysis with a Repressible Cell Marker) system for producing positively marked lineages of defined genotype (Lee and Luo, 2001) . We found that addition of actin-GAL4 (act-GAL4) alone, or together with E22C-GAL4 was necessary to supplement the commonly used tubulin-GAL4
(tub-GAL4) driver in order to increase the GFP signal strength sufficiently for reliable positive marking of FSC clones (Fig. 2E ).
Positive marking confirmed that mam mutant FSC lineages were lost rapidly ( (Table 1) , and produced the characteristic mam mutant phenotype of fused egg chambers (Fig. 2D ).
Individual FSCs are lost from ovarioles with an estimated half-life of roughly two weeks but are quickly replaced by descendants of another FSC in an ovariole (Margolis and Spradling, 1995; Nystul and Spradling, 2007; Song and Xie, 2002; Zhang and Kalderon, 2001 ). This leads to gradual homogenization of ovarioles that initially contain FSCs of different control genotypes. However, this process is much faster for ptc mutant FSCs, which readily take over an entire ovariole (Zhang and Kalderon, 2001 We also tested Notch itself. As expected, egg chamber fusions were present and
FasIII staining was increased cell autonomously in ovarioles with follicle cell clones homozygous for a null Notch mutant allele (data not shown). However, Notch mutant FSC clones were maintained almost as well as control clones (52% versus 56% at 14 days; Table 1 and Fig. 3A ). These data show that Notch pathway activity is not required within FSCs for their maintenance. Hence, the clear requirement for Mam in FSCs cannot be explained by its well-established role in the Notch signaling pathway.
We also examined the consequences of expressing a dominant-negative truncated form of Mam (Mam N ), which binds well to Su(H)/N intra complexes but lacks one of two transcriptional activation domains (Helms et al., 1999) (Fig. 4A,B) . The cells expressing Su(H)-VP16 or N intra appeared to have altered adhesion properties as they always clustered together and were generally not incorporated into the normal structure of germaria or egg chambers. The abundance of FSC progeny might suggest that FSC numbers or proliferation is enhanced. However, FSCs expressing either Su(H)-VP16 or N intra were in fact lost more rapidly than control FSCs over time (Table 4 ). This was also observed when lower levels of Su(H)-VP16 or N intra were expressed using the tub-GAL4 driver alone (Table 4 and (Table 4 and Fig. 3B ). As expected, expression of N intra had no effect on the maintenance of mam mutant FSCs (Table 4 and Fig. 3B ). Su(H)-VP16 also failed to rescue the loss of mam (or ptc mam) mutant FSCs (Table 4 and Fig. 3B ), confirming our earlier deduction that
Mam has a critical function in FSCs that is entirely distinct from its role in the Notch pathway. Since excess Hh pathway activity increases the number of FSCs and excess Notch pathway activity impairs FSC maintenance we tested the effects of activating both pathways simultaneously. We found that the ability of ptc mutations to induce FSC duplications and to take over whole ovarioles was fully suppressed by excess Notch activity (Table 4 ). In addition, loss of ptc did not substantially suppress the loss of FSC clones due to expression of Su(H)-VP16 or N intra (Table 4 and Fig. 3B At the highest levels of Hh signaling Engrailed (En) expression is activated, while other target genes, including ptc, are activated at lower levels of Hh signaling ( Fig. S1 ) (Hooper and Scott, 2005) . Anterior ptc mutant clones induce strong ectopic, cell-autonomous expression of both En and ptc, monitored here by a ptclacZ reporter. We found that anterior ptc mam double mutant clones also induced strong ptc-lacZ and En expression, and that mam mutant clones at the AP border did not reduce either endogenous En or ptc-lacZ expression (Fig. S1 ).
Thus, we see no evidence for a general role of Mam in Hh signaling.
In FSCs the only known Hh target gene is ptc. Various ptc-lacZ reporter genes, including one with 12kb of ptc regulatory sequence used here (Zhou et al., 2006) , are expressed in the FSC lineage, with highest expression in the germarium and lower expression in egg chambers up to stage 6 (Zhang and Kalderon, 2000) . It is surprising that ptc-lacZ expression extends so far beyond the only strong source of Hh expression in terminal filament and cap cells because ptc-lacZ expression in wing discs is strictly dependent on Hh signaling, and extends for fewer than ten small cell diameters. We therefore first examined ptc-lacZ expression carefully in wild-type ovaries and in cells with smo or ptc mutations.
In the majority of wild-type germaria we have examined, we saw an elevated level of expression of ptc-lacZ in the FSC ( Fig. 5A ; arrow) and sometimes in the adjacent FSC progeny ( Fig. 5A; line) . The levels of ptc-lacZ decline towards the posterior of the germarium to reach the distinctly lower levels observed in budded egg chambers. This suggests a gradient of Hh signaling that is highest in the FSC. In budded egg chambers and towards the posterior end of the germarium, ptc-lacZ levels were generally unaltered in FSC derivatives lacking smo (Fig. 5B) . By contrast, ptc-lacZ expression was clearly reduced in most smo mutant FSCs and in their most recent progeny (6 of 9 cases; Fig. 5B ).
Thus, elevated ptc-lacZ expression in the FSC and its immediate descendants is dependent on Hh signaling.
The lower levels of ptc-lacZ from stage 1 onwards that are independent of smo are influenced by Ci expression (Sun and Deng, 2007) and therefore likely result from basal, ligand-independent pathway activity. Hence, high ptc-lacZ expression reflects selectively strong Hh signaling in the FSC but likely underestimates the gradient of Hh activity in the germarium because of β-galactosidase perdurance and a significant baseline of Hh-independent pathway activity. Expression of ptc-lacZ in ptc mutant cells was slightly stronger than in wild-type FSCs and extended throughout the germarium into budded egg chambers, consistent with the expectation of maximal, Hh-independent pathway activation ( Fig. 5C ).
In germaria containing mam mutant FSC derivatives, 20 of 28 mam clones showed reduced levels of ptc-lacZ relative to wild-type neighboring follicle cells (Fig. 5D ). In seventeen of these clones an FSC was among the mam mutant The Notch ligand Delta is known to be expressed in terminal filament, cap, follicle and germline cells, with a clear increase in Delta signaling from the germline to overlying follicle cells at stage 6 that triggers a switch from mitosis to follicle cell endocycles (Deng et al., 2001; Lopez-Schier and St Johnston, 2001 ).
Interestingly, that switch is still imposed on ptc mutant follicle cells that contact the germline and is accompanied by Notch-dependent inhibition of ci expression and Hh pathway activity, mediated by the transcription factors, Hindsight and
Tramtrack (Sun and Deng, 2007) . FSC loss induced by Notch hyperactivity is also seen for ptc mutant cells and might conceivably involve an analogous mechanism, although Hindsight expression is not normally observed prior to stage 6. Moreover, it is possible that FSCs normally evade Notch-induced repression of Hh signaling by minimizing contact with the germline, while nonstem cell daughters embrace passing germline cysts.
Does Mam have a direct role in FSC Hh signaling?
There are currently very few reports of Notch-independent roles of Mastermind proteins (McElhinny et al., 2008) . In two cases, the mammalian Mam homolog There, loss of Fu kinase activity in ptc mutant clones completely eliminates expression of Engrailed (which responds only to strong pathway activity) and substantially alters the resulting wing phenotype without reducing ptc-lacZ expression (Ohlmeyer and Kalderon, 1998; C.V. unpubl.) .
In summary, epistasis of mam over ptc and the specific requirement for 
